The authors report an electrically driven, hexapole mode, single-cell photonic crystal laser operating at 1537.8 nm. Electrical current is supplied through a submicrometer-sized current post beneath the cavity center. This wavelength-scale single-cell photonic crystal laser operates in a single mode with threshold current of ϳ100 A at room temperature. Operation in the hexapole mode is confirmed by the near-field profile, far-field polarization, and the finite-difference time-domain computation based on the fabricated cavity structure.
Recently, various wavelength-scale photonic crystal ͑PhC͒ lasers have been demonstrated. [1] [2] [3] The resonant mode of the PhC cavity could have a high quality ͑Q͒ factor and very small mode volume simultaneously and thus offers potential as a platform for quantum optical photon sources. [4] [5] [6] [7] [8] [9] The previous electrically driven, single mode, single-cell PhC laser was reported to operate in the monopole mode. 3 The photons coming out of the monopole mode, however, are highly diverging and cannot be easily collected with high efficiency. In comparison, the hexapole mode is known to have a Q factor over 10 6 , much larger than that of the monopole mode. [10] [11] [12] Moreover, through simple modification, the output of the hexapole mode can be collected with high efficiency. 11 Thus, we believe that the hexapole mode is one of the realistic candidates for the efficient single photon source. In this letter, we report an electrically driven singlecell PhC laser with a low threshold current of 100 A at room temperature. We confirm that the laser does operate in the hexapole mode through a contour finite-difference timedomain ͑FDTD͒ calculation based on the scanning electron microscope ͑SEM͒ image of the fabricated single-cell PhC cavity.
The schematic and SEM images of the electrically driven PhC laser are shown in Fig. 1 . Six InGaAsP multiple quantum wells ͑MQWs͒ are placed in the middle of the slab of thickness of 282.5 nm. Doping densities of the top Sidoped n-layer and the bottom Zn-doped p-layer are ϳ2.7 ϫ 10 19 and ϳ2.5ϫ 10 18 cm −3 , respectively. The sacrificial topmost InP layer is wet etched by diluted HCl solution ͑HCl: H 2 O=2:1͒. The submicrometer-sized current post is formed by cold HCl wet-etching processes. This current post has to be small enough not to spoil the Q factor of the resonator too much but still large enough to supply holes smoothly. We succeed to control and reduce the post size gradually by increasing the wet-etching temperature from 10°C to room temperature, as shown in Fig. 1͑c͒ .
For efficient current injection, the doping density of the n-doped top layer is also important. When the doping density is too low, a broad depletion region is formed in the proximity of photonic crystal air holes and available electron paths become narrow. The electrons, which have to travel a few microns from the top electrode, suffer from a resultant high electrical resistance.
Generally, a triangular lattice single-cell PhC cavity supports four possible modes: monopole, quadrupole, hexapole, and dipole modes. 13 Note that the hexapole and monopole modes have zero photon density at the center of the cavity. We confirm that the Q factors of these modes are not affected appreciably even after the introduction of the central post if the size of the post is small enough. Among these two modes, the area of low photon density is larger for the hexapole mode than the monopole mode. Therefore, the hexapole mode more readily allows the larger central post that is to be used as a current path. On the other hand, the Q factors of the quadrupole and dipole modes are dramatically degraded with the central post located at the antinode site. The PhC lattice constant of the fabricated structure is ϳ450 nm. The radii of PhC air holes and the nearest air holes are 0.37a and 0.20a, respectively, where a is the lattice constant. The size on a side of the diamondlike current post is controlled down to 0.8a. Typically, the post size estimated from the bare SEM image turns out to be about 10% smaller than the actual size. In our designed single-cell cavity, the hexapole mode and two doubly degenerated quadrupole modes are located within the electroluminescence spectrum centered near 1550 nm, with a spectral width of ϳ100 nm.
The fabricated single-cell PhC laser is pumped with 10 ns current pulses at an interval of 250 ns at room temperature. To minimize electrical noise and feedback, the electric pulses are supplied through an impedance-matched small copper plate connected to a bayonet-type connection cable. The peak injection current is measured by a fast oscilloscope. Through a 20ϫ long-focal-length microscope objective lens, the output laser light is directed into the spectrometer.
Single mode lasing action is observed at 1537.8 nm with a threshold current of ϳ100 A, as shown in Figs. 2͑a͒ and 2͑b͒. The electrical characteristics of the single-cell PhC laser, plotted by the peak voltage and the peak current value, are shown in Fig. 2͑c͒ . The turn-on voltage and electrical resistance are 0.9 V and 2.1 k⍀, respectively. Near the laser threshold, the pronounced linewidth narrowing is observed down to our spectral resolution of 0.3 nm, as shown in Fig.  2͑d͒ . As the current is further increased to over ϳ150 A, we observe a plateau, followed by a slight broadening. We note that the nonequilibrium carrier dynamics appearing in microcavities with high spontaneous emission factor ͑␤͒ at room temperature could be responsible for this behavior. 14 Furthermore, linewidth enhancement in the semiconductor laser due to the gain-refractive index coupling is reported. 15 The inset of Fig. 2͑d͒ shows spectra taken at various pumping currents. Taking the spectral linewidth near the transparency current of 70 A, the Q factor of the cold cavity for the hexapole mode is estimated to be ϳ3400.
The hexapole mode operation is confirmed by comparing the experimental measurements with the result obtained from the three-dimensional contour FDTD using data taken directly from the SEM image of the PhC cavity, as shown Figs. 3͑a͒ and 3͑b͒. Note that the contour FDTD method, which faithfully describes the actual structure, produces results that agree well with the experimental measurements. In the computation, a diamondlike current post of size of 0.8a on a side is used. The resonance wavelength depends very slightly on the size of the post. The computed resonance wavelength and the Q factor of the hexapole mode are 1540.1 nm and 6700, respectively. These values compare well with the experimentally measured values. The estimated mode volume is 0.80 ͑ / n͒ 3 and the Purcell factor is about 630. Here, and n denote the resonant wavelength and refractive index ͑3.4͒ of the InGaAsP semiconductor slab, respectively. Note that the Purcell factor represents the maximum spontaneous emission rate enhancement of the "ideal" emitter-cavity coupling system in the weak coupling 
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regime. 4, 5 The emission rate enhancement of a practical quantum dot ͑QD͒ within a semiconductor microcavity is limited by several parameters such as the position, polarization matching, and spectral detuning of the QD with respect to the cavity mode. 5, 7, 9 An above-threshold image of the single-cell PhC resonator, captured by a 50ϫ optical microscope lens, is shown in Fig. 3͑c͒ . Although the sixfold symmetry is broken in this near-field profile, the central intensity minimum, a signature of the hexapole mode, is still observable. We attribute this broken symmetry to the imperfectly fabricated nearest air holes and the central post. Observe that the vertical components of the propagating Poynting vectors at a plane 1.5 m above the slab agree reasonably with the measured near-field profile, as shown in Fig. 3͑d͒ . Ideally, the far-field radiation of the ideal hexapole mode is unpolarized, owing to the wellbalanced inner symmetry of the mode. However, in the real hexapole mode, the symmetry is easily perturbed and the vertical radiation becomes polarized, as shown in Fig. 3͑e͒ . We compare this measurement with the result of our contour FDTD computation shown in Fig. 3͑f͒ . It is also worth emphasizing that, by modifying the two nearest air holes on the x axis, linearly polarized vertical beaming can be obtained with high efficiency.
11 Efficient photon collection is one of the critical features for a practical single photon source.
Two quadrupole modes near 1514 and 1517 nm shown in the inset of Fig. 2 ͑1512 and 1519 nm in the contour FDTD calculation͒ are not clearly resolved because of the low Q values of the modes. In fact, in order to detect the very weak quadrupole peaks, the input slit width of the spectrometer can be increased at the expense of resolution. The effect of the central post is summarized in Fig. 4 by the contour FDTD calculation. Note that the Q factor of the hexapole is reduced only slightly with the introduction of the central post. This is due to the negligible photon density above the central post. On the other hand, the cavity loss of the quadrupole mode increases by nearly an order of magnitude because of the high photon density at the center and unavoidable losses through the central post, as shown in Fig. 4͑c͒ . In fact, the central current post, with its size on a side of 0.6-1.0a, promotes the single hexapole mode lasing and suppresses the onset of lasing in the quadrupole mode.
In summary, the electrically driven single-cell PhC laser operating in the hexapole mode is demonstrated at room temperature. This wavelength-scale PhC laser works in a single mode with threshold current of ϳ100 A. A submicrometer post is introduced for efficient carrier injection and this small post also functions as a mode selector. Operation of the hexapole mode is confirmed through the near-field image, polarization, and contour FDTD calculation. We believe that this electrically driven PhC hexapole mode cavity will be an ideal platform for practical single photon sources for quantum information. 
